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ABSTRACT
Purpose: The purpose of this research paper is focused on the high speed steel HS6-5-3-8 surface 
layers  improvement  properties  using  HPDL  laser.  The  paper  present  laser  surface  technologies, 
investigation of structure and properties of the high speed steel alloying with the WC, VC, TiC, SiC, 
Si3N4 and Al2O3 particles using high power diode laser HPDL.
Design/methodology/approach: Investigation indicate the influence of the alloying elements on 
the structure and properties of the surface layer of investigated steel depending on the kind of alloying 
carbides, oxides, nitrides and power implemented laser (HPDL).
Findings:  Laser  alloying  of  surface  layer  of  investigated  steel  without  introducing  alloying  additions 
into liquid molten metal pool, in the whole range of used laser power, causes size reduction of dendritic 
microstructure with the direction of crystallization consistent with the direction of heat carrying away from 
the zone of impact of laser beam. In the effect of laser alloying with powder of the WC, VC, TiC, SiC, Si3N4 
and Al2O3 particles occurs size reduction of microstructure as well as dispersion hardening through fused in 
but partially dissolved particles and consolidation through enrichment of surface layer in alloying additions 
coming from dissolving elements. Introduced particles of carbides, oxides, nitrides and in part remain 
undissolved, creating conglomerates being a result of fusion of undissolved powder grains into molten metal 
base. In effect of convection movements of material in the liquid state, conglomerates of carbides arrange 
themselves in the characteristic of swirl. 
Practical  implications: Laser surface modification has the important cognitive significance and 
gives grounds to the practical employment of these technologies for forming the surfaces of new tools 
and regeneration of the used ones.
Originality/value: The structural mechanism was determined of surface layers development, effect 
was studied of alloying parameters, gas protection method, and method of applied onto the steel 
surface on structure refinement and influence of these factors on the mechanical properties of surface 
layer, and especially on its hardness and microhardness.
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1. Introduction 
 
The basic and most often applied materials for manufacturing 
hot-work tools and also metal forms used in casting are alloyed 
hot-work steel. The properties of a surface layer of those steel must 
protect against the loss of exploitation durability and in particular 
must be characterised by wear resistance at the higher temperature, 
load and corrosion resistance of processed material. High speed 
steels  belongs  to  the  group  of  martensitic  steel  used  in  the 
production  of  forging  tools.  The  microstructure  of  high  speed 
steels  changes  several  times  during  the  complex  thermo-plastic 
treatment. The aim of this processing is to obtain high wear and 
thermal  fatigue  resistance.  Carbides  release  of  two  kinds  is 
responsible for high mechanical properties. The primary release - 
produced in the process of crystallisation and the secondary release 
- a result of the thermoplastic treatment. The examination of the 
possibilities of the increase of application properties of tool steels 
having martensitic matrix by the change of chemical composition 
in the conventional way is very limited. It may be expected that the 
wear resistance as well as hardness and chemical stability will be 
increased  in  the  materials  in  which  additional,  more  stable  and 
hard molecules were introduced to the native material. The future 
direction of research into the improvement of materials properties 
is a laser modification of the tool surface layer structure either by a 
laser relmelting or alloying by the use of materials such as tungsten 
carbides having huge hardness. The effect of the process in which 
the cooling speed is very high, is the minute-grained structured 
material with over-cooling phases [1-6]. 
The  laser  heat  treatment  includes  operations  which  are 
conducted using the laser beam as the source of energy needed for 
heating the surface layer of the processed material, to change its 
structure  for  obtaining  the  relevant  mechanical,  physical,  or 
chemical  properties,  improving  service  life  of  the  processed 
element. Two methods of forming the surface layer have found 
applications  so  far  within  the  framework  of  the  laser  heat 
treatment of the surface layer, namely:  
x Forming  by  phase  transformations  in  the  solid  state, 
consisting in heating of the surface layers to the austenitizing 
temperature  and  their  sudden  cooling  -  quenching,  or  slow 
cooling  -  annealing  and  tempering,  or  heating  up,  e.g.,  for 
improving  the  ductility  before  the  succeeding  surface 
treatment  or  shaping,  like  e.g.,  machining  of  the  sintered 
carbides,  welding,  plastic  working,  laser  treatment,  e.g., 
before cladding or quenching (to avoid cracks or to assist the 
heating process). 
x Forming by remelting the surface layer, consisting in heating 
the  material  above  the  solidus  temperature,  its  rapid 
solidification,  and  in  phase  transformations  in  solid  state. 
Surface layers with the very refined structure or amorphous, 
with  the  unchanged  chemical  composition  in  respect  to 
material’s  core,  but  with  significant  chemical homogeneity, 
can be obtained with this laser forming method, depending on 
cooling rate. Variations of material forming by remelting its 
surface  layer  include:  enrichment  (alloying)  of  the  surface 
layer  with  the  selected  alloying  elements  and  cladding, 
consisting  in  applying  a  layer  with  another  chemical 
composition onto the formed material, that ensures corrosion 
resistance,  high-temperature  resistance,  or  decorative 
properties [7-16]. 
Part of the absorbed heat energy penetrates inside the material 
during remelting, which results with a big temperature gradient 
between the liquid material layer and the matrix. Mixing of the 
molten metal occurs because of the convection motions during 
laser treatment with remelting. These motions originate because 
of the temperature difference between the remelted surface and 
the bottom of the remelted region, and moreover because of the 
protective gas blow-in and “pressure” of the laser beam. Quick 
solidification occurs after remelting and mixing the molten metal 
due  to  the  big  temperature  gradient.  The  investigation  results 
obtained may be used for the further research on optimisation of 
the surface layer properties of the high speed steels, targeted at 
obtaining  tools  with  the  possibly  high  mechanical  and  service 
properties.  The  goal  of  this  work  is  studying  the  structural 
mechanisms  and  selected,  for  comparison,  properties  of  the 
surface layers obtained by the high power diode laser (HPDL) 
treatment of the high speed steels. 
The difficulty of that method results from two facts. First of 
all,  it  is  hard  to  operate  the  concentrated  source  of  heat  and 
secondly,  there  is  no  theoretical  data  defining  expected  new 
structures  created  under  those  conditions.  Empirical  data,  on 
which one usually is based, is not treated precisely as the only 
source of knowledge because the process is characterised by same 
deviation from the state of balance, resulting from high increase 
in temperature as well as great thermal gradients [4-8]. 
Diode lasers have been known for many years and used mainly 
in electronic devices and metrology. The dynamical development 
of  materials  engineering  (progress  in  production  of  semi-
conductors) allowed for the introduction of industrial HPDL lasers. 
Diode lasers produced nowadays achieve power up to 6 kW on the 
surface of the laser beam focusing. Diode lasers of ROFIN DL 
type are characterised by a rectangular or linear shape of beam 
focus having multi-mode energy distribution. In that type of a laser 
power density delivered to a surface layer of processed materials is 
smaller  in  a  comparison  with  mono-mode  distribution, 
characteristic of other types of lasers and energy is spread evenly 
on the surface of the laser beam focus. Thanks to that phenomenon 
a HPDL laser is suitable for the modification of a material surface 
layer.  It  is  confirmed  by  an  empirically  proved  high  energy 
absorption coefficient for steels (20-40%), high efficiency and the 
possibility  of  the  precious  control  of  the  amount  of  energy 
delivered to a material surface layer. The condition of the surface 
layer of the processed material and especially its roughness and 
absorption coefficient are the most important factors in the process 
of laser treatment of materials. When laser radiation, as any light 
beam, is  spread in different  medium, it follows certain rules of 
absorption, reflection and refraction. The absorbance coefficient, 
characteristic  of  every  material,  is  not  constant  in  the  laser 
processing and risen markedly when the material heated is covered 
with the oxides layer and when the temperature is its melting one 
[17-26]. The application of adequate protective gases as well as the 
correct choice of the nozzle and its position guarantee the high 
quality of the bead face and the recurrence of the results obtained. 
The phenomenon of wear of the working surface of tools, to which 
laser modification of the surface layer is applied, due to friction 
features  an  important  aspect  of  the  contemporary  surface 
engineering.  The  friction  process  between  two  surface  leads  to 
their  wear  and  is  connected  with  energy  losses.  It  is 
disadvantageous especially when it occurs along with other factors 183 READING DIRECT: www.archivesmse.org 1 
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deteriorating  properties  of  the  surface  layer,  like  corrosion, 
erosion, mechanical and thermal fatigue [27-33].  
The  goal  of  the  work  is  to  determine  the  technical  and 
technological conditions for alloying the surface layer of the high 
speed steel HS6-5-3-8 with the high power diode laser (HPDL), 
and of the relationship between the parameters of laser treatment 
and  the  properties  of  the  surface  layer  which  increase  the 
exploitation durability of high speed steels. 
 
 
2. Material for investigation
 
The  experiments  were  made  on  specimens  made  from  the 
high  speed  steel  HS6-5-3-8.  The  chemical  composition  of  the 
steel is presented in Table 1. The investigated steel was molten in 
the electric vacuum furnace at the pressure of about 1 Pa, cast into 
ingots  weighing  about  250  kg,  and  were  roughed  at  the 
temperature range 1100-900ºC into the O.D. 75 mm bars, which 
were  soft  annealed.  After  making  by  machining  the  specimens 
they were heat treated. The specimens were austenitized on the 
salt  bath  furnace  and  tempered  in  the  chamber  furnace  in  the 
protective  atmosphere  -  argon.  The  specimens  were  gradually 
heated to the austenitizing temperature with the isothermic stops 
at 650 and 850°C for 15 min. Further they were austenized for 30 
min  at  the  temperature  of  1180°C  and  cooled  in  hot  oil.  The 
specimens were tempered twice after quenching, each time for 2 
hours, at the temperature of 560°C and next at 545 ºC. Surfaces of 
specimens were sand blasted and machined on magnetic grinder. 
Particular  attention  was  paid  to  prevent  development  of 
micro-cracks  that  might  disqualify  the  specimen  from  further 
examination. On specimens surface two parallel grooves, deep for 
0.5 of triangular shape (with angle of 45°) were machined. The 
grooves  were  located  along  sample  axis  and  distance  between 
them was ca. 1.0mm. Such prepared grooves were filled with the 
WC, VC, TiC, SiC, Si3N4 and Al2O3 particles. Properties of the 
particle powders are presented in Table 2. 
Therefore  all  experiments  were  made  at  the  constant 
remelting rate, varying the laser beam power in the range from 0.7 
to 2.1 kW. At low laser power values, i.e., 0.4 to 0.6 kW, no 
remelting was observed for powders mentioned above. 
It was established experimentally that the argon blow-in with 
the  flow  rate  of  20  l/min  through  the  12  mm  circular  nozzle 
oppositely directed in respect to the remelting direction provides 
full remelting zone protection. 
The microsections' surfaces were ground on diamond wheels 
and  next  polished  using  the  diamond  buffing  compounds  on 
Struers equipment. Metallographic examinations of the material 
structures after laser alloying its surface layer were made on Zeiss 
LEICA MEF4A light microscope with magnifications from 50 to 
1000x.  The  Leica-Qwin  computer  image  analysis  system  was 
used  for  thickness  examination  of  the  particular  zones  of  the 
surface layer. Structure of the developed coatings were examined 
with SUPRA 25 scanning electron microscope (SEM) equipped 
with  X-ray  energy  dispersive  spectrometer  (EDS).  The 
observation were prepared perpendicularly to the cross section of 
the sample no the each remelted tray. The phase composition of 
the  investigated  coatings  was  determined  on  the  Panalytical 
X’Pert  PRO  diffractometer,  using  the  filtered  radiation  of  the 
cobalt anode lamp, powered with 40 kV voltage, at 20 mA heater 
current. The measurements were made in the angle range 30º - 
110º. Hardness tests were made with Rockwell method in C scale 
on specimens subjected to the standard heat treatment and alloyed 
using the high power diode laser at various parameters, making 10 
measurements  for  each  condition  and  calculating  their  average 
value.  Test  results  were  analysed  statistically.  Hardness  was 
measured on the ground and buffed front surfaces of specimens. 
Coating microhardness was tested on the FM-700 microhardness 
tester.  The  tests  were  carried  out  at  0.05  N  load,  making  the 
necessary  number  of  indents  on  the  section  of  each  examined 
specimen, correspondingly to the structural changes depth in the 
material surface layer. The microhardness tests were made along 
the  lines  perpendicular  to  specimens’  surfaces,  along  the  run  
face axis. 
 
Table 1.  
Chemical compositions of the investigated steel
Steel grade 
Mass concentration of the elements, % 
C  Cr  W  Mo  V  Co  P  S 
HS6-5-3-8  1.28  4.2  6.3  5  3  8.4  0.002  0.022 
 
 
Table 2.  
Selected properties of powders  
Powder  Average grain size, Pm  Melting point, 
°C  Density 
g/cm
3 
Hardness, 
HV 
Tungsten carbide WC  5  2770  15.6  2600 
Vanadium carbide VC  1.5  2830  5.36  2850 
Titanium carbide TiC  3  3140  4.25  2800 
Silicon carbide SiC  7  2700  3.21  2100 
Silicon nitride Si3N4  5  1900  3,44  1600 
Alumina oxide Al2O3  5  2047  3.90  2300 
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deteriorating  properties  of  the  surface  layer,  like  corrosion, 
erosion, mechanical and thermal fatigue [27-33].  
The  goal  of  the  work  is  to  determine  the  technical  and 
technological conditions for alloying the surface layer of the high 
speed steel HS6-5-3-8 with the high power diode laser (HPDL), 
and of the relationship between the parameters of laser treatment 
and  the  properties  of  the  surface  layer  which  increase  the 
exploitation durability of high speed steels. 
 
 
2. Material for investigation
 
The  experiments  were  made  on  specimens  made  from  the 
high  speed  steel  HS6-5-3-8.  The  chemical  composition  of  the 
steel is presented in Table 1. The investigated steel was molten in 
the electric vacuum furnace at the pressure of about 1 Pa, cast into 
ingots  weighing  about  250  kg,  and  were  roughed  at  the 
temperature range 1100-900ºC into the O.D. 75 mm bars, which 
were  soft  annealed.  After  making  by  machining  the  specimens 
they were heat treated. The specimens were austenitized on the 
salt  bath  furnace  and  tempered  in  the  chamber  furnace  in  the 
protective  atmosphere  -  argon.  The  specimens  were  gradually 
heated to the austenitizing temperature with the isothermic stops 
at 650 and 850°C for 15 min. Further they were austenized for 30 
min  at  the  temperature  of  1180°C  and  cooled  in  hot  oil.  The 
specimens were tempered twice after quenching, each time for 2 
hours, at the temperature of 560°C and next at 545 ºC. Surfaces of 
specimens were sand blasted and machined on magnetic grinder. 
Particular  attention  was  paid  to  prevent  development  of 
micro-cracks  that  might  disqualify  the  specimen  from  further 
examination. On specimens surface two parallel grooves, deep for 
0.5 of triangular shape (with angle of 45°) were machined. The 
grooves  were  located  along  sample  axis  and  distance  between 
them was ca. 1.0mm. Such prepared grooves were filled with the 
WC, VC, TiC, SiC, Si3N4 and Al2O3 particles. Properties of the 
particle powders are presented in Table 2. 
Therefore  all  experiments  were  made  at  the  constant 
remelting rate, varying the laser beam power in the range from 0.7 
to 2.1 kW. At low laser power values, i.e., 0.4 to 0.6 kW, no 
remelting was observed for powders mentioned above. 
It was established experimentally that the argon blow-in with 
the  flow  rate  of  20  l/min  through  the  12  mm  circular  nozzle 
oppositely directed in respect to the remelting direction provides 
full remelting zone protection. 
The microsections' surfaces were ground on diamond wheels 
and  next  polished  using  the  diamond  buffing  compounds  on 
Struers equipment. Metallographic examinations of the material 
structures after laser alloying its surface layer were made on Zeiss 
LEICA MEF4A light microscope with magnifications from 50 to 
1000x.  The  Leica-Qwin  computer  image  analysis  system  was 
used  for  thickness  examination  of  the  particular  zones  of  the 
surface layer. Structure of the developed coatings were examined 
with SUPRA 25 scanning electron microscope (SEM) equipped 
with  X-ray  energy  dispersive  spectrometer  (EDS).  The 
observation were prepared perpendicularly to the cross section of 
the sample no the each remelted tray. The phase composition of 
the  investigated  coatings  was  determined  on  the  Panalytical 
X’Pert  PRO  diffractometer,  using  the  filtered  radiation  of  the 
cobalt anode lamp, powered with 40 kV voltage, at 20 mA heater 
current. The measurements were made in the angle range 30º - 
110º. Hardness tests were made with Rockwell method in C scale 
on specimens subjected to the standard heat treatment and alloyed 
using the high power diode laser at various parameters, making 10 
measurements  for  each  condition  and  calculating  their  average 
value.  Test  results  were  analysed  statistically.  Hardness  was 
measured on the ground and buffed front surfaces of specimens. 
Coating microhardness was tested on the FM-700 microhardness 
tester.  The  tests  were  carried  out  at  0.05  N  load,  making  the 
necessary  number  of  indents  on  the  section  of  each  examined 
specimen, correspondingly to the structural changes depth in the 
material surface layer. The microhardness tests were made along 
the  lines  perpendicular  to  specimens’  surfaces,  along  the  run  
face axis. 
 
Table 1.  
Chemical compositions of the investigated steel
Steel grade 
Mass concentration of the elements, % 
C  Cr  W  Mo  V  Co  P  S 
HS6-5-3-8  1.28  4.2  6.3  5  3  8.4  0.002  0.022 
 
 
Table 2.  
Selected properties of powders  
Powder  Average grain size, Pm  Melting point, 
°C  Density 
g/cm
3 
Hardness, 
HV 
Tungsten carbide WC  5  2770  15.6  2600 
Vanadium carbide VC  1.5  2830  5.36  2850 
Titanium carbide TiC  3  3140  4.25  2800 
Silicon carbide SiC  7  2700  3.21  2100 
Silicon nitride Si3N4  5  1900  3,44  1600 
Alumina oxide Al2O3  5  2047  3.90  2300 
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Fig. 5. Surface area of the surface layer of the HS6-5-3-8 steel 
after alloying with TiC powder, laser power - 1.7 kW  
 
 
 
 
Fig. 6. Small eutectic in the surface layer of the HS6-5-3-8steel 
after laser alloying with TiC carbide, laser power 2.1 kW  
 
 
 
Fig. 7. Alloying material and small eutectic in the surface layer of 
the HS6-5-3-8 steel after laser alloying with WC carbide, laser 
power 2.1 kW  
 
 
Fig. 8. Alloying material in the surface layer of the HS6-5-3-8 
steel after laser alloying with WC powder, laser power 2.1 kW  
 
 
 
 
Fig. 9. Surface area of the surface layer of the HS6-5-3-8 steel 
after alloying with Al2O3 powder, laser power - 0.7 kW  
 
 
 
Fig. 10. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8  steel  after  laser  alloying  with  Al2O3  powder,  laser 
power 0.7 kW  187
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Fig. 5. Surface area of the surface layer of the HS6-5-3-8 steel 
after alloying with TiC powder, laser power - 1.7 kW  
 
 
 
 
Fig. 6. Small eutectic in the surface layer of the HS6-5-3-8steel 
after laser alloying with TiC carbide, laser power 2.1 kW  
 
 
 
Fig. 7. Alloying material and small eutectic in the surface layer of 
the HS6-5-3-8 steel after laser alloying with WC carbide, laser 
power 2.1 kW  
 
 
Fig. 8. Alloying material in the surface layer of the HS6-5-3-8 
steel after laser alloying with WC powder, laser power 2.1 kW  
 
 
 
 
Fig. 9. Surface area of the surface layer of the HS6-5-3-8 steel 
after alloying with Al2O3 powder, laser power - 0.7 kW  
 
 
 
Fig. 10. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8  steel  after  laser  alloying  with  Al2O3  powder,  laser 
power 0.7 kW  188 188
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Fig. 11. Edge of the alloyed surface layer of the HS6-5-3-8 steel 
after laser alloying with TiC powder, laser power 1.7 kW 
 
 
 
 
Fig. 12. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8 steel after laser alloying with WC powder, laser power 
1.7 kW  
 
 
 
 
Fig. 13. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8  steel  after  laser  alloying  with  Al2O3  powder,  laser 
power 1.7 kW  
 
 
Fig. 14. Small eutectic in the surface layer of the HS6-5-3-8 steel 
after laser alloying with WC carbide, laser power 0.7 kW  
 
 
 
Fig. 15. EDS point-wise analysis of the HS6-5-3-8 steel sample 
after laser alloying with WC powder, laser power 0.7 kW 
 
 
 
Fig. 16. Small eutectic in the surface layer of the HS6-5-3-8 steel 
after laser alloying with TiC carbide, laser power 1.7 kW  
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Fig. 11. Edge of the alloyed surface layer of the HS6-5-3-8 steel 
after laser alloying with TiC powder, laser power 1.7 kW 
 
 
 
 
Fig. 12. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8 steel after laser alloying with WC powder, laser power 
1.7 kW  
 
 
 
 
Fig. 13. Boundary of the remelted zone in the surface layer of the 
HS6-5-3-8  steel  after  laser  alloying  with  Al2O3  powder,  laser 
power 1.7 kW  
 
 
Fig. 14. Small eutectic in the surface layer of the HS6-5-3-8 steel 
after laser alloying with WC carbide, laser power 0.7 kW  
 
 
 
Fig. 15. EDS point-wise analysis of the HS6-5-3-8 steel sample 
after laser alloying with WC powder, laser power 0.7 kW 
 
 
 
Fig. 16. Small eutectic in the surface layer of the HS6-5-3-8 steel 
after laser alloying with TiC carbide, laser power 1.7 kW  
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